The positive-sense RNA genome of Sweet potato feathery mottle virus (SPFMV) (genus Potyvirus, family Potyviridae) contains a large open reading frame (ORF) of 3,494 codons translatable as a polyprotein and two embedded shorter ORFs in the ؊1 frame: PISPO, of 230 codons, and PIPO, of 66 codons, located in the P1 and P3 regions, respectively. PISPO is specific to some sweet potato-infecting potyviruses, while PIPO is present in all potyvirids. In SPFMV these two extra ORFs are preceded by conserved G 2 A 6 motifs. We have shown recently that a polymerase slippage mechanism at these sites could produce transcripts bringing these ORFs in frame with the upstream polyprotein, thus leading to P1N-PISPO and P3N-PIPO products (B. Rodamilans, A. Virol 89:6965-6967, 2015, doi:10.1128/JVI.00 337-15). Here, we demonstrate by liquid chromatography coupled to mass spectrometry that both P1 and P1N-PISPO are produced during viral infection and coexist in SPFMV-infected Ipomoea batatas plants. Interestingly, transient expression of SPFMV gene products coagroinfiltrated with a reporter gene in Nicotiana benthamiana revealed that P1N-PISPO acts as an RNA silencing suppressor, a role normally associated with HCPro in other potyviruses. Moreover, mutation of WG/GW motifs present in P1N-PISPO abolished its silencing suppression activity, suggesting that the function might require interaction with Argonaute components of the silencing machinery, as was shown for other viral suppressors. Altogether, our results reveal a further layer of complexity of the RNA silencing suppression activity within the Potyviridae family. P1, HCPro, P3, 6K1, CI, 6K2, VPg/NIaPro, NIb, and CP, all derived from the proteolytic  processing of a large polyprotein, and an additional P3N-PIPO product, with the PIPO segment encoded in a different frame within the P3 cistron. In sweet potato feathery mottle virus (SPFMV), another out-of-frame element (PISPO) was predicted within the P1 region. We have shown recently that a polymerase slippage mechanism can generate the transcript variants with extra nucleotides that could be translated into P1N-PISPO and P3N-PIPO. Now, we demonstrate by mass spectrometry analysis that P1N-PISPO is indeed produced in SPFMV-infected plants, in addition to P1. Interestingly, while in other potyviruses the suppressor of RNA silencing is HCPro, we show here that P1N-PISPO exhibited this activity in SPFMV, revealing how the complexity of the gene content could contribute to supply this essential function in members of the Potyviridae family.
tato virus G (SPVG) and sweet potato virus 2 (SPV2), with the notable exception of sweet potato latent virus, a potyvirus described as latent (4, 44) . In the reference genome of SPFMV (NC_001841.1) (5) , the PISPO sequence is nested in the Ϫ1 frame (relative to the polyprotein ORF) within the P1-coding region (positions 118 to 2109), which corresponds to the first N-terminal gene product of the large polyprotein (ORF from position 118 to 10599). The PISPO sequence begins at position 1382 and spans 690 nucleotides from the GGAAAAAA (G 2 A 6 ) motif. This motif is identical to the conserved consensus sequence for the PIPO frameshifting, which in SPFMV gives rise to a shorter coding sequence, also in the Ϫ1 frame.
Separation of P1 from the other viral products occurs by autoproteolysis (6) , and except for the conserved C-terminal protease region, this product is the most variable of the potyvirus proteins (7) . SPFMV P1 is the largest among all potyvirus P1 proteins, with 664 to 724 amino acids (aa), resulting in a protein of 74.1 to 80 kDa. Similarity between the N-terminal parts of the P1 proteins of SPFMV and the ipomovirus sweet potato mild mottle virus (SPMMV) has been reported earlier (7) . Interestingly, the resemblance between these two proteins ends near the predicted frameshift point of PISPO.
Since the PIPO coding sequence was first described in potyviruses, the new gene product P3N-PIPO has attracted much interest, leading to the identification of several important associated functions (8) (9) (10) (11) (12) . However, the mechanism by which P3N-PIPO is produced remained unclear until recently, when we and another team independently found evidence that PIPO is expressed by a polymerase slippage mechanism (13, 14) . Our previous results also support the idea that PISPO, if it was expressed, would be synthesized by an equivalent polymerase slippage event (14) .
One of the key functions of RNA silencing in plants is as a defense barrier against viral infections (15) . Viruses, in turn, use diverse strategies to escape from RNA silencing, such as the expression of viral proteins with RNA silencing suppression activity (16) . For example, in the Potyviridae family, all members of the genus Potyvirus described so far express HCPro to counteract RNA silencing. RNA silencing suppression in plant viruses was recently reviewed (17) .
By using liquid chromatography coupled to mass spectrometry (LC-MS), we show here that P1N-PISPO is produced in sweet potato plants infected with SPFMV, demonstrating that the product derived from this trans-frame viral ORF is indeed expressed during virus infection. Next, we describe that P1N-PISPO exhibits RNA silencing suppression activity, which is associated with the presence of conserved WG/GW motifs, suggesting a mode of action similar to that of other RNA silencing suppressors (RSSs) (18, 19) .
MATERIALS AND METHODS
Plant and virus materials. Commercial sweet potato (Ipomea batatas) roots were acquired in a local market in Barcelona and were planted on soil to produce fresh aerial tissue (stems and leaves) that was further propagated through cuttings at Center for Research in Agricultural Genomics facilities. The presence of SPFMV in the vegetatively propagated plants was confirmed by reverse transcription-PCR (RT-PCR) of total RNA extracted with TRIzol reagent following the provider's instructions, using primers FMCPFdeg and MFRdeg (see Table S1 in the supplemental material for details on all primer sequences), which were designed to amplify a 389-nucleotide (nt) fragment within the CP-coding region. A robust plant, denoted AM-MB2, with occasional viral symptoms (weak mosaic, leaf spots, and distortions) that tested positive for SPFMV presence was selected for cutting propagation. The complete P1-coding region was also amplified by RT-PCR with FMP1F and 1PMFR specific primers and was sequenced to confirm the presence of the embedded PISPO sequence. The same infected AM-MB2 plant material described here was used for previously published experiments (13) .
To boost accumulation of SPFMV in sweet potato AM-MB2 plants, coinfection with isolate Can181-9 of the crinivirus sweet potato chlorotic stunt virus (SPCSV) strain West African (SPCSV-WA), kindly provided by Jesús Navas-Castillo (IHSM-UMA-CSIC La Mayora, Málaga, Spain), was achieved by inoculation with Bemisia tabaci whiteflies. Briefly, groups of around 50 viruliferous whiteflies that had acquired SPCSV during 48 h in an infected Ipomea setosa plant were caged on fully expanded leaves of AM-MB2 cuttings for a 48-h inoculation period. After insect removal and insecticide treatment, plants were sampled and tested for detection of both SPFMV and SPCSV, in the later case with oligonucleotides SPCSVCP and PCVSCPS, which amplify a 790-nt fragment from the CPcoding sequence of SPCSV.
Isolates of two potyviruses, sweet potato virus C (SPVC) and SPV2, as well as one begomovirus and one badnavirus (both unclassified), were found to be coinfecting the sweet potato AM-MB2 plant after deep-sequencing analysis (see below).
Extraction of total RNA, construction and sequencing of RNA sequencing (RNA-seq) libraries, and preliminary data filtering. Samples of symptomatic tissue of infected plants were collected for RNA extraction with TRIzol reagent. Contaminating DNA was removed from RNA samples with Turbo DNase (Ambion), and RNA was further purified using the RNeasy minikit (Qiagen). RNA libraries were constructed with the ScripSeq complete kit (plant leaf) (Epicenter, Illumina), including barcoding elements to identify the different samples, according to the provider's protocols. Libraries were submitted to BGI (Hong Kong) for Illumina sequencing on a HiSeq 2000 platform, and 100-bp (average) paired-end reads were generated. Sequences with an average quality below 20, as well as sequences with more than 10 nt with quality below 15, were removed using the FASTX toolkit (available from http: //hannonlab.cshl.edu/fastx_toolkit/index.html). The quality process was driven with FASTQC (Babraham Bioinformatics) (available at http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
Alignments and indel analysis. Filtered sequences were mapped versus the references with Bowtie2 (20) , allowing a maximum of 3 mismatches, insertions, or deletions (indels) per read. To reduce the number of sequencing errors, only the central part of reads (80 nt) was used, and only paired alignments were considered (21) . Alignments were analyzed with SAMtools to create a list of variants in which only indels were included. Reads that presented fewer than 3 nonredundant sequences and reads in which the frameshift caused by the indel was cancelled out by another indel in the same sequence were discarded. To reduce false positives caused by sequencing errors or random errors, the expected indel error was modeled as a Poisson distribution, which was calculated from Illumina indel calling-error rate, PCR error rate, and sample indel frequency. Indels with a false-discovery rate (FDR) higher than 0.05 were removed. Analysis was performed with in-house R scripts.
Phylogenetic and recombination analysis. Initial phylogenetic analysis of the SPFMV, SPVC, and SPV2 isolates found in AM-MB2 was performed with data sets created with the full genome sequences corresponding to 9 SPFMV, 7 SPVC, and 6 SPV2 isolates found in the NCBI nucleotide database, with no filter by identity redundancy. Also, sequences of complete CP regions of all other SPFMV, SPVC, and SPV2 isolates available in the NCBI nucleotide database were considered, after exclusion of partial CP sequences and application of a filter at 97% of identity to reduce redundancy, leading to data sets of 63 SPFMV, 46 SPVC, and 6 SPV2 annotated sequences. Phylogenetic trees were created using the maximum-likelihood algorithm implemented in MEGA6 software (22) . The bootstrapping test was driven with 1,000 replicates. CP sequence-based trees were used to estimate putative recombination events (see below).
The assembly of SPFMV used the reference genome already described (13) , and was driven with Quasirecomb (23). The same procedure was applied to SPVC and SPV2. The reconstruction of sequences used coverage of Ͼ10.000 to reduce errors, thereby excluding both extremes, and the option to reduce the false positives was activated. The sequences obtained were used to search for putative recombination events with the software RDP (24) version 3.45, using a threshold of a P value equal or less than 0.05 with the methods RDP (25) , BootScan (26) , Geneconv (26) , and MaxChi (27) . The recombination points were identified using the SBP and GARD algorithms (28) implemented in the Datamonkey webserver (29) .
Constructs of viral gene products for in vitro translation and for transient expression of viral proteins by agroinfiltration.
Cloning and plasmid production were performed using Escherichia coli strain DH5␣ and standard procedures. Viral products were RT-PCR amplified with appropriate primers, and the products were cloned directionally into pENTR/D-TOPO (Life Technologies). Primers are listed in Table S1 in the supplemental material, which includes information about their use for the modifications required to direct and/or force or avoid the expression of certain gene products in the different frames. Recombinant products with mutations introduced by PCR with appropriate primers were generated and were confirmed by sequencing the pENTR clones. The multiple mutant with the 4 WG/GWs motifs altered was synthesized as follows. A fragment flanked by NcoI and AscI sites engineered upstream and downstream from position 1 to 1964 (Met to Stop) in the P1N-PISPO sequence, with replacement of W with A residues in the WG/GW motifs located at positions 73, 1465, 1795, and 1918 (relative to the initial Met codon), was ordered from GeneScript (USA) and inserted using the unique restriction sites into the pENTR plasmid, linearized with the same enzymes, and ligated with T4 DNA ligase. Clones containing inserts were selected and sequenced to confirm the presence of the mutated motifs. The inserts in pENTR were mobilized using Gateway into the different destination vectors with LR Clonase II enzyme mix (Life Technologies). Reactions were performed, and two clones of the different plasmids were verified. For expression in plants, the pGWB7XX destination plasmid series was used (30, 31) , which placed the construct under control of appropriate elements.
In vitro translation. pENTR-P1 was used as the template for PCR amplifications of all constructs used for in vitro translation, including unmodified wild-type P1 and variants with P1 interrupted by a stop codon after the slippage site (P1⌬) and P1 with the PISPO sequence interrupted (P1N-PISPO⌬) generated by site-directed mutagenesis with the primers FMP1⌬F and ⌬1PMFR for P1⌬ and FMPISPO⌬F and ⌬OPSIPMFR for P1N-PISPO⌬ (see Table S1 in the supplemental material). T7 promoter, 5= untranslated region (5=UTR), and 3=UTR fragments were prepared as described previously (32) . mRNAs were produced by in vitro transcription using the T7-Scribe Standard RNA IVT kit (Cellscript) and purified by organic extraction and ammonium acetate precipitation, and their quality and amount were assessed by NanoDrop (Thermo Fisher Scientific) and gel electrophoresis. The final concentration was adjusted to 1 g/liter, and in vitro translation was carried out using wheat germ extract (Promega) according to the manufacturer's instructions. Labeling of the synthesized proteins was done by including in the reaction mixture Agrobacterium tumefaciens infiltration of Nicotiana benthamiana leaves. N. benthamiana leaves (fully expanded, from 3-to 4-week-old plants grown in a greenhouse) were agroinfiltrated as described previously (33) , using A. tumefaciens cultures of strain C58C1 or EHA105 transformed with the relevant plasmids. Growth of bacteria was monitored by assessing the optical density at 600 nm (OD 600 ) until it reached 0.5 units. Cultures were induced by acetosyringone and infiltrated with a needleless syringe. For sampling material to be analyzed by LC-tandem MS (LC-MS/MS) (see below), the agroinfiltration was performed with mixed cultures incorporating a construct expressing P1b of CVYV (33) to increase expression of SPFMV proteins. For silencing suppression experiments (see below), negative (empty vector, delta) and positive (CVYV P1b and SPMMV P1) controls were included, following previously described procedures (34, 35) .
SDS-PAGE and fractionation of protein products. Plant samples were collected, deep-frozen, and homogenized in extraction buffer. After boiling for 5 min, aliquots were separated by 10% SDS-PAGE. Following staining with Coomassie blue G-250 (SimplyBlue safe stain; Life Technologies), the portion above the RuBisCO was excised and processed.
MS and protein identification by LC-MS/MS analysis. Gel-excised fragments containing protein samples were washed with 25 mM NH 4 HCO 3 and acetonitrile (ACN), reduced for 60 min at 60°C with 20 mM dithiothreitol (DTT), and alkylated for 30 min at 30°C with 55 mM iodoacetamide in the dark before being digested for 16 h at 37°C with 0.9 g trypsin (porcine sequence-grade modified trypsin; Promega). Peptides were extracted from the gel matrix with 10% formic acid and ACN, dyed, and desalted with a C 18 Top-tip (PolyLC), following the procedure of the provider. Dried-down tryptic peptides mixtures resuspended in 1% formic acid were injected for chromatographic separation in a nanoAcquity liquid chromatograph (Waters) coupled to an LTQ-Orbitrap Velos (Thermo Scientific) mass spectrometer. Peptides were trapped on a Symmetry C 18 trap column (5 m by 180 m by 20 mm; Waters) and separated with a C 18 reverse-phase capillary column (75 m, 10 cm nanoAcquity; 1.7-m BEH column; Waters). The gradient for elution was prepared with 0.1% formic acid in ACN and consisted of 1 to 30% for 60 min, 35 to 45% for 10 min, and 45 to 85% for 5 min, with a flow rate of 250 nl/min. Eluted peptides were subjected to electrospray ionization in an emitter needle (PicoTip; New Objective) with 2,000 V applied. Peptide masses (m/z 350 to 1700) were analyzed in full-scan MS data-dependent mode in the Orbitrap with 60,000 full width at half maximum (FWHM) resolution at 400 m/z. Up to the 10 most abundant peptides (minimum intensity of 500 counts) were selected for each MS scan and fragmented using collision-induced dissociation in a linear ion trap with helium as the collision gas and 38% normalized collision energy. The targeted mode was used to analyze the presence of predicted peptides in the ORF that contains PISPO (the seven peptides underlined in the sequence LVWEKTG RTIGHKERDQKRSQSKMEVGTLQTSQEDQEGQPKTAPTEAHGE GTAIIDGYATSSSDGHLHCWGSIGESGNDSNSEWEDFLHAFHEEEE NFKISQINTRENSRAHAGSSENCVQEKDEHRIGGQEVHKRAVQEISR SKLFVPSFKTYGRLKRVSGFKNSHNNSKPRTSSCQGWSMEKTCKD NNVVQRFKWHGAESRQTVGPKRSCTTRNARGAWGFTRSAIRRTN ETW) or in the C-terminal part of the P1 (the three peptides underlined in the sequence KLDEQLATRNEIRKGLKVKWRWGLYRLVKKTRKD NQRQRRQRRMEKEQQLLMAMPPQVLTGISIAGGPSASLEMTPTPN GKIFCTPSMKKKKTLKSPKLTQEKIHELTQAVLKIACRKRMSIELV GKKSTKGQYRKFQGANYLFLHLKHMEGLRESVDLRIHTTTQNLV LQAAKVGAWKRPVKTTMLSKGSSGMVLNPDKLLGPRGHAPHGM LVVRGALRGVLYDARMKLGRSVLPYIIQY). Generated raw data were collected with Thermo Xcalibur (v.2.2). For database searching, custom databases were created merging all UniProt entries (as of December 2014) for I. batatas plus the predicted list of mature protein sequences from SPFMV plus a list of predicted mature gene products deriving from viruses present in the AM-MB2 sample or for N. benthamiana and A. tumefaciens plus P1 and P1N-PISPO. Entries from common laboratory contaminants were also added. Sequest search engine searches were performed with Thermo Proteome Discoverer software (v.1.3.0.339), using a target and a decoy database to obtain a false-discovery rate (FDR) (strict, 0.01; relaxed, 0.05) and to estimate the number of incorrect peptide spectrum matches exceeding a given threshold (peptide tolerances of 10 ppm and 0.6 Da, respectively, for MS and MS/MS), with parameters for trypsin allowing up to 2 missed cleavages, considering cysteine carbamidomethylation as fixed and methionine oxidation as variable modifications. Validation was based on FDR, using Percolator (a semisupervised learning machine) to discriminate peptide spectrum matches. Only proteins identified with at least 2 high-confidence peptides (FDR of Յ0.01) were considered.
RNA silencing suppression activity assays: GFP imaging, Northern blotting, and RT-qPCR analysis. Leaves of N. benthamiana plants were coagroinfiltrated with a green fluorescent protein (GFP)-expressing construct together with constructs of the different viral products or adequate controls. The infiltrated patches were visualized under UV light with a Black Ray B 100 AP lamp, and photographs were taken with a Nikon D7000 digital camera.
Total RNA from N. benthamiana tissue was isolated using TRIzol and treated with Turbo DNase (Ambion) to remove contaminating DNA. For Northern blot analysis of mRNAs and small interfering RNAs (siRNAs), approximately 10 and 15 g of total RNA were resolved on 1.2% agarose (containing 2% formaldehyde) or 15% denaturing polyacrylamide (containing 7 M urea) gels, respectively, and transferred to nylon Hybond-Nϩ membranes (Amersham) by capillary blotting for the agarose gels or using a transfer apparatus (XCell SureLock; Invitrogen) for the acrylamide gels. Ethidium bromide staining was used to verify equal loading of lanes and monitor the transference processes. After UV cross-linking and prehybridization in UltraHyb buffer (Ambion), blots were hybridized in the same solution with probes specific to the GFP sequence, using a 32 Plabeled DNA probe (33) in the case of mRNAs or a 32 P-labeled RNA probe (36) in the case of small RNAs. Hybridization signals were detected with a PhosphorImager.
For quantitative real-time reverse transcription-PCR (RT-qPCR) analysis, 1 g of total RNA was reverse transcribed using the SuperScript III first-strand synthesis system (Invitrogen), and RT-PCRs were performed in a 20-l volume with gene-specific primers and LightCycler 480 SYBR green I master mix (Roche). A 102-bp GFP fragment was amplified with primers described by Leckie and Stewart (37) . Ubiquitin was selected as a reference gene, amplifying a 88-bp fragment using the primers described by Lacomme and coworkers (38) (see Table S1 in the supplemental material). The average cycle threshold (C T ) value for triplicate PCRs was normalized to the average C T value for the reference gene, yielding the ⌬C T value. An analysis of variance (ANOVA) for at least three independent biological replicates was performed using the Tukey-Kramer test.
Nucleotide sequence accession numbers. Data corresponding to virus sequences are available in GenBank under accession numbers KU511268, KU511269, KU511270, KU511271, and KU511272.
RESULTS
Sequencing the virome of the sweet potato plant AM-MB2. AM-MB2 sweet potato plants, which are naturally infected with several viruses, including SPFMV, were used. With the aim of boosting the load of potyviruses, plants were superinfected with the crinivirus SPCSV, which is known to cause a synergistic effect with potyviruses (39) . As shown in Fig. 1A , the superinfection of AM-MB2 plants with SPCSV resulted in a strong enhancement of disease symptoms.
Total RNA isolated from samples of the plants coinfected with SPCSV and SPFMV was analyzed by RNA-seq using Illumina technology (SRA references SRR1693374 and SRR1693416) and compared to equivalent samples deriving from AM-MB2 plants not superinfected with the crinivirus (13) . Abundant SPFMV-derived reads were found, together with a smaller number of reads from two additional potyviruses, SPV2 and SPVC. In addition, reads corresponding to a begomovirus and a badnavirus were identified, but in insufficient number to obtain complete coverage of the genomes of these viruses. As expected, the number of reads for potyviruses increased notably after superinfection with SPCSV, as shown in Fig. 1B , whereas no major change in the accumulation of reads was observed for the begomovirus and badnavirus.
Total or partial assemblies of the different viruses were deposited in GenBank, and their preliminary annotations are provided in Tables S2 to S6 in the supplemental material.
Boosting of SPV2 and SPVC accumulation in the crinivirussuperinfected samples allowed us to analyze the presence of insertions/deletions in their genomes. As predicted from our previous findings (13) , most of the indels in SPV2 and SPVC genomes were found in the G 2 A 6 motifs upstream of trans-frame PISPO and PIPO (see Table S7 in the supplemental material).
The assembly of the genomic sequence from SPFMV (see Table  S2 in the supplemental material) spanned 10,814 nt, representing almost all of its genome, except for a short region at the 5= end of ϳ6 nt. The sequence of SPFMV AM-MB2 encoded the canonical potyvirus gene products in the polyprotein, i.e., P1, HCPro, P3, 6K1, CI, 6K2, VPg/NIaPro, NIb, and CP, as well as the predicted P1N-PISPO and P3N-PIPO, in both cases preceded by G 2 A 6 motifs. The genomic organization is summarized in Fig. 1C . Positions in the genome were numbered after alignment with other published SPFMV sequences to facilitate comparison of regions with the reference genome (5) (95.12% identity).
Our data also showed that superinfection with SPCSV resulted in a decrease in the relative proportion of RNA-seq reads with an additional A in the G 2 A 6 motifs at the PISPO site (so-called RNA slippage frequency) in SPFMV, while there was no change in slippage at the PIPO site where a less frequent slippage was observed ( Fig. 1D ).
Phylogenetic analyses were performed with all potyviral sequences in AM-MB2 using whole-genome sequences ( Fig. 2A ) and selected CP sequences of individual viruses. In the case of the SPFMV isolate, a comparison of trees constructed with whole-genome and CP sequences suggested that it can be placed in the group of recombinant isolates, a frequent occurrence among SPFMV isolates (40, 41) . Comparison of our sequence with those of two selected isolates (Piu3 and RC-ARg, accession numbers FJ155666.1 and KF386014.1, respectively) is illustrated in Fig. 2B , where a crosspoint upstream from the CP region is noticeable. Application of adequate analysis tools predicted a recombination site located at position 7227 in the NIa region, further confirming the recombinant nature of the SPFMV AM-MB2 isolate.
Absence of detectable production of P1N-PISPO by frameshifting in in vitro translation experiments. To evaluate the putative contribution of translational frameshifting to the production of P1N-PISPO, the SPFMV P1-coding region was cloned after RT-PCR amplification (P1 construct), and appropriate mutations were designed to express truncated proteins in each of the frames. In the P1⌬ construct, a stop codon interrupted the main ORF of the polyprotein downstream of the G 2 A 6 motif to generate a 54-kDa variant, whereas in the P1N-PISPO⌬ construct, the stop was introduced in the PISPO sequence (Ϫ1 frame), leading to a putative 47-kDa product without altering the P1-coding sequence. P1, P1⌬, and P1N-PISPO⌬, together with a luciferase control, were used for in vitro transcription. The analysis showed a band with a mobility corresponding to ϳ70 kDa in the P1 sample, compatible with both P1 and P1N-PISPO (expected sizes of 74.1 kDa and 72.7 kDa, respectively) ( Fig. 3 ). However, major protein products derived from translational frameshifting were not detected in the analysis of the two other constructs designed to yield products of different sizes in the P1 and PISPO frames: in P1⌬, the major band was compatible with the expected size of the truncated P1 (54 kDa), while in P1N-PISPO⌬, the pattern was similar to that for the unaltered P1 (compare first and third lanes in Fig. 3 , and note the absence of evident products at the expected region for the truncated 47-kDa protein). The results of this experiment support the hypothesis that viral RNA polymerase slippage is the main mechanism that produces the outof-frame product.
Identification of virus-derived proteins in agroinfiltrated plant tissue by LC-MS/MS analysis.
A construct containing the wild-type P1-coding sequence and a construct designed to produce only P1N-PISPO (by insertion of a nucleotide in the G 2 A 6 motif) were expressed by agroinfiltration in N. benthamiana leaves in the presence of P1b RSS from the unrelated ipomovirus cucumber vein yellowing virus (CVYV) (33) . The P1b RSS was included to enhance protein expression levels. Total proteins present in the infiltrated patches were extracted and separated by SDS-PAGE, and the fraction above 50 kDa (to avoid the highly abundant RuBisCO) was excised and analyzed by LC-MS/MS.
The analysis identified more than 180 and 200 proteins in samples expressing the wild-type P1 and the mutant forced to produce P1N-PISPO, respectively. Most of the proteins corresponded to the host plant or to the A. tumefaciens bacteria used as the expression vector. In each sample, the overexpressed viral gene products were readily identified with high scores and coverage: for P1, a Table S7 in the supplemental material). score of 97.38, 13 unique peptides, and 31.33% coverage; for P1N-PISPO, a score of 173.38, 25 unique peptides, and 46.02% coverage. Intriguingly, no peptides corresponding to the PISPO frame were found in the sample that expressed the wild-type P1 gene products.
In order to maximize the chance of detecting P1N-PISPO in further analysis of infected samples, a targeted search mode was adopted by using the information about true peptides derived from overexpression. The detected peptides corresponding to the transiently expressed viral gene products; their distributions along the amino acid sequences are shown in Fig. 4A and B , and complete details are provided in Table 1 . The application of this targeted approach confirmed the absence of PISPO-derived peptides in plants transiently expressing wild-type P1. In addition, it also confirmed the identity of the expressed P1N-PISPO protein, as an identified peptide overlapped the frameshifted region and showed the amino acid introduced to force the frameshift (sequence, LVWEK [mutation in bold]) ( Table 1) .
Detection of SPFMV P1N-PISPO in infected sweet potato plants. Total proteins were extracted from plants infected with SPFMV AM-MB2, and the fraction corresponding to protein products of Ͼ50 kDa was subjected to LC-MS/MS analysis. The list of peptides corresponding to viral proteins included several gene products expected to accumulate during infection, such as P1, HCPro, CI, and NIb (all of them with sizes above the exclusion limit selected and translated from the long viral ORF). Detection was also positive for 4 peptides corresponding exclusively to the PISPO region of P1N-PISPO and thus derived from a trans-frame protein that incorporated PISPO (21.3% coverage). Along with these peptides, peptides corresponding to the P1 protein were detected from upstream of the polymerase slippage signal (11 different peptides, 39% coverage of the P1N region), and therefore common to P1 and P1N-PISPO, and from the C-terminal part (2 peptides, 10% coverage). Scores were 116.56 (13 peptides, 28.46% coverage) for P1 and 196.2 (15 peptides, 32.72% coverage) for P1N-PISPO. Figure 4C summarizes the coverage and location of the peptides corresponding to the two alternative gene products from the P1 region, P1 and P1N-PISPO, which were present in infected sweet potato samples. Details on all identified virus-derived proteins and the individual peptides found in the analysis are provided in Table 2 . Considering the exclusion limit (Ͼ50 kDa) used for sampling and that no smaller viral proteins, including the abundant CP (35.1 kDa), were detected by this analysis, our results are compatible with the simultaneous expression and accumulation of both P1 and P1N-PISPO (predicted to be 74.1 and 72.7 kDa, respectively).
P1N-PISPO is an RNA silencing suppressor. Once we determined that P1N-PISPO is produced in plants infected with SPFMV, we investigated putative functions for the novel gene product. Based on our previous experience with proteins encoded at the 5= ends of potyviral genomes, we tested whether P1N-PISPO exhibits RNA silencing suppression activity. Constructs suitable for the transient expression of selected gene products (Fig.  5A) were coagroinfiltrated with a GFP-expressing construct, and the GFP fluorescence was monitored over time under UV light. Both positive and negative controls were included side-to-side with the tested constructs in the same leaves following the design depicted in benthamiana leaves agroinfiltrated with a construct that contains the wild-type P1 sequence of SPFMV under control of the appropriate promoter for overexpression. The plasmid construct is schematically drawn inside a leaf outline, with a detail of the expected RNA sequence corresponding to the G 2 A 6 motif upstream of the PISPO starting point and the detected protein P1. A question mark besides the P1N-PISPO name indicates that no peptides corresponding to the PISPO domain were found in the analysis. The peptides detected are shown (as gray boxes) distributed along the P1 protein sequence in the right panel, and the percentage of coverage is indicated. The sequences of the detected peptides are shaded in gray on the sequence of the P1 gene product, and the frameshift point is underlined. (B) Detection of peptides as in panel A but in the sample agroinfiltrated with the P1N-PISPO construct, which ensures expression of the trans-frame product. The PISPO region is highlighted and is depicted in italic lettering in the sequence, starting at the underlined frameshift point. Peptides found in the analysis are shown as boxes (gray for P1N and black for PISPO) in the graphic and shaded in the sequence below, using a gray background in the case of peptides corresponding to the P1N or a black background with white letters for the PISPO region. (C) Detection of viral peptides in the AM-MB2 I. batatas plant. The virus SPFMV is represented by a schematic virion inside the outline of the sweet potato leaf, and two variants of viral RNAs with the G 2 A 6 or G 2 A 7 motifs are indicated (13) . Peptides deriving from the common P1N region, from the P1 C-terminal region, and from PISPO are shown in the protein schemes, using gray for the common P1N part and the rest of P1, while the peptides found in the PISPO frame are represented by black boxes. The sequences of peptides are also highlighted in the sequence, with the two variants shown after the frameshift point (underlined), represented in the upper lines for P1 or in the lower (in italic) for PISPO and using as above a gray or black background in the sequence detail, respectively. Number of identified peptide sequences (peptide spectrum matches) for the protein, including those redundantly identified. In parentheses are indicated the number of common peptides (corresponding to the N-terminal part of the protein, upstream of the G Fig. 5B . The experiment was repeated several times, using at least three independent Agrobacterium cultures of each construct. Compared to other individual SPFMV gene products, only P1N-PISPO showed clear RNA silencing suppression activity at 3 and 5 days postagroinfiltration (dpai) in the visual assay (Fig. 5C ), which correlated with higher accumulation of GFP mRNA as observed by Northern blotting (Fig. 5D ) and RT-qPCR (Fig. 5E ). Differences in GFP fluorescence and accumulation of GFP mRNA between the CVYV P1b positive control and P1N-PISPO suggest that the last is a weaker RSS. This was confirmed by the RT-qPCR analysis, which showed around 5-times-higher levels of GFP mRNA in the presence of P1b (Fig. 5E ).
As expected from previous results (18, 36) CVYV P1b prevented to certain extent the generation of GFP-derived siRNAs, while a clear similar effect was not observed for P1N-PISPO ( Fig. 5D ), suggesting that these two viral proteins might use different mechanisms to suppress the RNA silencing, as we propose below. Constructs expressing P1 (wild-type P1 sequence) and P1 only (P1 with an out-of-frame stop codon precluding any expression of PISPO) failed to exhibit enough noticeable RNA silencing suppression activity in our assays. Interestingly, the construct expressing HCPro also failed to exhibit RSS activity, with quantitative values always below those obtained for P1 ( Fig. 5C, D , and E). The same P1 and P1N-PISPO constructs tested for RSS activity were used in the LC-MS/MS experiments described above. Although it is not a quantitative assay, the detection of similar numbers of specific peptides in both cases (Table 1) suggests that P1 and P1N-PISPO accumulated at comparable levels in agroinfiltrated leaves in the presence of a heterologous RSS. Hence, these results support the idea that the absence of noticeable silencing suppression activity by the P1 construct is not due to problems in protein expression, accumulation, or stability.
WG/GW motifs play important roles in interactions with Argonaute (Ago) proteins and small RNA binding necessary for activity of some RSSs (18, 19, 42, 43) . All four WG/GW motifs present in P1N-PISPO were mutated to AG/GA. The mutated variant (P1N-PISPOmut) was agroinfiltrated in N. benthamiana leaves, along with the GFP-expressing construct, to evaluate its activity as an RSS. The mutated product failed to counteract the RNA silencing, as shown by GFP fluorescence under UV light, GFP mRNA Northern blots, and RT-qPCR quantification of GFP mRNA ( Fig.  5C to E) .
DISCUSSION
Among all the known members of the Potyvirus genus (158 species according to the International Committee of Taxonomy of Viruses [ICTV] [2014] release), SPFMV presents several peculiarities. First, its genome is the largest, with an extraordinarily long P1 region (664 to 724 aa), which is surpassed in the Potyviridae family only by the equivalent P1 product of the ipomovirus SPMMV (758 aa), which shares some similarity with SPFMV P1 in the N-terminal region (7) . The bioinformatic prediction of the additional ORF PISPO within the P1-coding sequence (4, 44) added a further peculiarity, although it was unknown until now whether PISPO was expressed. Our results shed light on these aspects of SPFMV biology, first by demonstrating that the predicted transframed P1N-PISPO product is expressed during SPFMV infection and then by finding that P1N-PISPO contributes to counteract the RNA silencing-based plant defense to viral infection.
These results might be especially relevant in the context of the devastating and widespread sweet potato viral disease (SPVD) (4, 39) . In contrast to many other synergisms involving potyviruses (see reference 45 and references therein), sweet potato viral disease is considered atypical because the potyvirus is the partner with a boost in its accumulation. Although we have confirmed this previous observation with our plant material, many important aspects still remain to be explained. For instance, further research is needed to elucidate whether the rather peculiar RNase 3 RSSs from SPCSV (46) (47) (48) and P1N-PISPO are involved in the outcome of this complex interaction. In line with that, another interesting but unexpected observation of our work is related to this unusual synergism: we have noticed a specific reduction in RNA slippage frequency at the PISPO site, but not in PIPO, in plants superinfected with SPCSV (Fig. 1) . The different roles of P1N-PISPO and P3N-PIPO during viral infection, named suppression of RNA silencing (this report) or viral movement (9) (10) (11) , respectively, might provide clues not only to explain this observation but also to understand how changes in the relative amounts of these two gene products could affect the outcome of SPVD in the coinfected plants.
The novel potyviral gene product P1N-PISPO (654 aa, 72.7 kDa) combines a P1N part shared with the canonical P1 (N-terminal portion of 422 aa, equivalent to a 46.5-kDa protein fragment) and the PISPO sequence (232 aa, fragment of 26.1 kDa). The product is similar in size to P1 (664 aa, 74.1 kDa) but with notable differences, including, for instance, the predicted isoelectric points of the two proteins: 9.24 for P1 and 6.17 for P1N-PISPO. Interestingly, an isoelectric point of slightly below 7 is a hallmark of P1s displaying RNA silencing suppression activity in other potyvirids (7) .
The expression of P1N-PISPO is likely to result from the translation of RNA variants with a G 2 A 7 sequence, generated by polymerase slippage in a G 2 A 6 conserved motif (13) . This mechanism of expression is supported by examination of sequences corresponding to different potyviruses present in the virome of the AM-MB2 plant, which showed results consistent with polymerase slippage in equivalent G 2 A 6 motifs for SPV2 and SPVC (see Table  S7 in the supplemental material). Moreover, our experiments designed to identify translational frameshifting in WGE failed to show a noticeable production of truncated frameshifted protein products, and the presence of minor products compatible in size could be also generated by T7 polymerase slippage, as shown by others (14, 49, 50) . Consistent with our view that viral RNA polymerase slippage is the most likely mechanism of production of out-of-frame products in potyviruses, the transient expression of wild-type P1 sequence out of the viral infection context resulted in the production only of P1-derived peptides when analyzed with the sensitive mass spectrometry technique (Fig. 4A ). Altogether, a strong case can be proposed for viral polymerase transcriptional slippage as the mechanism used to produce the trans-frame P1N-PISPO, and likely the same conclusion can be expanded to P3N-PIPO proteins found in all other potyvirids. The combination of our analysis with SPFMV, SPVC, and SPV2 suggests that polymerase slippage might occur in all sweet potato potyviruses where the PISPO sequence was predicted (4) .
When facing the challenge of detecting a previously unknown gene product that was predicted bioinformatically, we decided to adopt a straightforward approach using mass spectrometry. Similar techniques have been used previously to identify viral infections in plants, including those produced for potyviruses (51) , but to our knowledge, this is the first time that it serves to demonstrate that an out-of-frame gene product is being expressed in infected plant tissues. We believe that this new method is a convenient approach that gives fast and unequivocal proof of protein translation without the need of obtaining specific antibodies, which is a time-consuming procedure that may fail depending on the antigenicity of the target protein. Mass spectrometry allowed unambiguous detection of both P1 and P1N-PISPO together in the same sample, showing that the two gene products coexist in infected plants. Although the methodology is not quantitative, the abundance and number of peptides might provide some indication of the expression levels and the stability of the mature proteins. For example, compared to another large viral product, CI, the high coverage obtained for P1 and P1N-PISPO suggests that these two proteins are quite stable. While we have shown mass spectrometry to be a useful method for identifying novel gene products, further research is required to determine the turnover and subcellular localization of P1N-PISPO during the infection cycle and to evaluate its impact in pathogenicity.
The functions of potyviral P1s have remained elusive for many years, but recent results are revealing the importance of P1 during potyvirus infection (32, 52) . In the case of SPFMV and other potyviruses infecting sweet potato, the presence of P1N-PISPO adds a further layer of complexity to efforts to unravel the role(s) of these gene products in the infection context (53) . To start addressing this, our experiments show a clear role for P1N-PISPO as an RSS. Interestingly, for all the members of the Potyvirus genus tested so far, the essential RNA silencing suppression activity was found associated with HCPro, which was the first characterized RSS (54, 55) . In other members of the Potyviridae family, however, the RNA silencing suppression function is often shifted to P1 products, as has been observed in ipomoviruses (18, 33, 56) , tritimoviruses (57) , and poaceviruses (58) . These RSSs belong to a distinct group of P1 proteins that appears to be evolutionarily separated from typical P1 proteins of members of the genus Potyvirus (7, 59) . Our finding that the P1N-PISPO product acts as an RSS would serve to expand this list of known P1-related sources of RNA silencing suppression activity in the family Potyviridae and might help in our understanding of the evolutionary acquisition of this important viral function.
Whereas the P1b protein of the ipomovirus CVYV displays a strong RSS activity that depends on its ability to bind small RNAs (36) , the P1 protein of SPMMV suppresses RNA silencing by interfering with RISC activity, specifically through blocking Ago binding via WG/GW hooks (18) . Interestingly, a recent study showed that the native SPFMV P1, which shares noticeable sequence similarity with SPMMV P1 (7), does not work as an RSS but gains this functionality when mutations are introduced to create additional WG/GW motifs in positions near the ones present in SPMMV P1 (60) . In our experiments, P1 also failed to show a clear RSS activity, confirming the observations of Szabó and coworkers (60) .
Our result that an SPFMV P1N-PISPO variant in which all the WG/GW motifs have been mutated loses RNA silencing suppression activity suggests that P1N-PISPO disrupts RNA silencing by a mechanism involving Ago hooks, similar to that of SPMMV P1 (18) . The fact that the silencing activities of SPFMV P1N-PISPO and SPMMV P1 are both quite weak further supports the hypothesis that these suppressors share a similar mechanism of action. However, we cannot rule out that the correlation between functionality and presence of WG/GW in SPFMV P1N-PISPO could correspond to Ago-independent disturbances caused, for instance, by conformational alterations derived from mutations of W residues, as might be the case in other RSSs (42) .
Giner and coworkers suggested that the expression of a weak RSS in SPMMV could be a viral strategy to cause only mild damage in the host, allowing sweet potato potyvirids to survive in infected perennial plants for an extended period (18) . This idea is in agreement with the weak RSS activity of SPFMV P1N-PISPO. We can also speculate that sweet potato potyvirids might not depend exclusively on the weak RNA silencing suppression activities of their P1N-PISPOs found here and that other viral products could help to counteract RNA silencing during infection. In this regard, for instance, the VPg of the potyvirus PVA has been found to counteract RNA silencing (46, 61) . Addi-tionally, the levels of expression of HCPro in other potyviruses were reported to be regulated by P1 (62) . In the case of SPFMV, although our transient agroinfiltration experiments with individual gene products showed no clear antisilencing activity for P1 or HCPro, preliminary results suggest that P1-HCPro might display some activity. Taking into account that the expression of the P1 construct by agroinfiltration does not produce P1N-PISPO ( Fig. 4) , contributions of P1 and/or HCPro to silencing suppression during SPFMV infection cannot be ruled out. Indeed, the context of the viral infection is quite different from that in the transient agroinfiltration assays, and therefore further work will be needed to fully understand the modes of action and the relationships of all viral factors that might be participating in counteracting the RNA silencing-based host defenses.
The switch of the antisilencing role from established suppressors such as HC-Pro or P1 (the strength of which could be adjusted through regular mutation/selection processes) to P1N-PISPO with its rather peculiar expression mechanism deserves some attention from an evolutionary point of view. As mentioned above, whereas the main RNA silencing suppression activity lies with HCPro in members of the genus Potyvirus, it is supplied by a P1-type protein in ipomoviruses, tritimoviruses, and poaceviruses, likely highlighting two evolutionary lineages in the family Potyviridae. Thus, we can speculate that the existence of a P1related RNA silencing suppressor in the potyvirus SPFMV could be the result of a recombination event between a potyvirus and an ipomovirus in sweet potato, which is supported by the notable similarity between the N termini of the P1 proteins from SPFMV and the ipomovirus SPMMV (7) .
Importantly, the fact that all members of the potyvirids produce P3N-PIPO suggests that this gene product appeared very early in the evolutionary history of these viruses. Potential strategies developed to deal with risks associated with RNA polymerase slippage, such as genomic modifications in the viral progeny (14, 63) or those derived from mRNA decay (64), could have favored the more recent emergence of P1N-PISPO in a subset of potyviruses. Thus, understanding how potyvirids counteract problems derived from this peculiar gene expression mechanism will certainly deserve further experimental work.
To summarize, our results highlight the enormous genomic flexibility of viruses, which allows them to profit from particular biochemical features of their gene products, such as the slippage capacity of the RNA polymerase, to expand their gene dotation and explore alternative pathways to improve adaptation to a variety of host and environmental conditions. The funders had no role in study design, data collection and interpretation, or the decision to submit the work for publication.
